Abstract. We have developed a measurement method to evaluate deformation of a metallic membrane (thickness 2 m) in a micro-radiofrequency switch. The method is based on a modified Michelson interferometer incorporated with optoelectronic devices including a He-Ne laser, conventional optics, a CCD sensor, and a photodiode. To detect the deformation of the membrane in the rf switch, a He-Ne laser probe 10 m in diameter is directed onto the specimen. The laser beam reflected off the membrane is combined with a reference beam. The combined laser beams are regulated to follow a common path. The resulting circular interference fringe pattern is simultaneously recorded by a CCD sensor and a photodiode. The deformation of the membrane is determined from the order of the resulting fringe pattern. As demonstrated by the experimental results, the proposed method is capable of measuring deformation of the rf switch at submicron levels.
Introduction
In recent years, since time-divided multiple access ͑TDMA͒ for wireless communications became widely used, there has been a growing demand for radio-frequency ͑rf͒ switches. [1] [2] [3] [4] [5] Although micro electro mechanical systems ͑MEMS͒ technology has been employed commercially for several years, a number of opportunities and challenges exist for improving the design, manufacture, and especially testing of micro-rf switches. Significant effort has gone into the development of improved MEMS design tools and superior fabrication processes. 6 However, research into MEMS testing has received less attention.
A micro-rf switch has been developed by using a metallic membrane with capacitive coupling, in which a twoend-clamped beam ͑membrane͒ acting as a microswitch is operated at rf and microwave frequencies. [7] [8] [9] A typical cross section of a metallic membrane capacitive switch is shown in Fig. 1 . The top surface of the lower electrode is coated with a thin film ͑thickness d 1 ) of silicon nitride. This film prevents the dc bias voltage from short-circuiting during switch activation and also allows rf signals to capacitively couple from the upper membrane to the lower electrode. The suspended metallic membrane spans the two coplanar ground lines with a designed air gap ͑d͒ of 1 m between the membrane and the lower electrode to form a capacitor. When there is no applied voltage ͑bias voltage͒ on the rf switch, the air ͑dielectric constant 0 ) and dielectric material ͑dielectric constant 1 ) coated on the lower electrode between the membrane and lower electrode lead to a very low capacitance, 9 given by C off ϭ1/(d 1 / 1 A ϩd/ 0 A), where C off is the capacitance of the rf switch in the off state and A is the overlap area between the lower electrode and the membrane. For typical switch dimensions, C off is of the order of tens of femtofarads ͑fF͒. Clearly, the switch relies on a capacitor connection to establish the rf path, and the capacitance of the rf switch is in direct proportion to 1/d, where d is the thickness of the membrane air gap in the rf switch. 10 When a dc bias voltage V ͑V͒ is applied to the rf switch, a subsequent electrostatic field between the membrane and the lower electrode caused by the formation of positive and negative charges thus moves the membrane down to the lower electrode as shown by the dashed line in Fig. 1 .
The rf switch with an applied bias voltage possesses significant capacitance. Typical maximum capacitance values (C on ϭ 1 A/d 1 ), when the membrane is in contact with the lower electrode in the switch-down position shown in Fig. 1 , are 2 to 4 pF for a minimum d 1 with a coating thickness of 0.15 m. It is noted that with proper fabrication the initial displacement of the membrane is much smaller than the air gap and the membrane at switch-on position can be fully in contact with the lower electrode. Hence the rf switch in the on and off states consists of two parallel plate capacitors with capacitances C on and C off .
9,11
The ratio of on to off impedance of the rf switch is given by C on /C off , and a higher ratio indicates better dynamic switching behavior.
The air-gap, which is dependent on the out-of-plane deformation of the membrane in the rf switch, can significantly affect its performance and reliability. For this reason, test methodologies including deformation measurement on the membrane in such a switch must be developed in order to ensure the integrity of the device.
Numerous methods to determine the deformation of an object using interferometry have been proposed. Existing methods include the moiré method, 12 the holographic method, 13 the Fourier-transform method, 14 the Ronchigrating method, 15 and the fringe projection technique. 16 -18 These methods have the advantages of being full-field, noncontacting, and applicable to fairly large objects, but they are somewhat elaborate and inapplicable to deformation measurement of a micro-rf switch, because each mirrorlike switch contains a membrane with perforations induced by the etching during fabrication in order to ensure proper release of the rf switch structure. Moreover, processing of the resulting fringe patterns in these methods is complex and time-consuming. Particularly in the fringe projection technique, precalibration is required in order to convert the fringe patterns into deformation. Optical heterodyne interferometry provides high precision ͑to less than a single wavelength of light͒ in displacement measurement. [19] [20] [21] [22] In this method a common-path configuration that consists of a collimated reference beam and a focused test beam is essential for precision measurement of the phase and amplitude of the heterodyned signal. However, a conventional phase meter for data acquisition limits the measuring range to less than half the wavelength, and current phase measurement techniques for optical heterodyne interferometry suffer from degradation of the measuring resolution when the bandwidth for phase detection is increased.
White-light interferometry ͑WLI͒, [23] [24] [25] as in the WYKO interferometer, 26 is a powerful method that is widely used for profilometry. Vertical scanning interferometry ͑VSI͒ in WLI allows surface profiling with high accuracy over a very wide range depending on the depth of field of the interferometric objective. However, in the case of profile measurement, a large number of interferograms must be recorded and processed. Hence the data acquisition procedure is complicated and the data treatment is not suitable for dynamic deformation measurement on a rf switch. In addition, commercial white-light interferometers are expensive.
The motivation of this paper comes from the challenges involved in microcomponent deformation testing posed by micro-rf switches. In this paper, a low-cost and simple dynamic deformation measurement system for a micro-rf switch with a perforated membrane is described. The membrane deformation characteristics at different applied dc bias voltages are studied.
Method
In the normal adjustment of a conventional Michelson interferometer, 27 two mirrors-reference and object-are perpendicular to each other, and the beamsplitter is at 45 deg to the mirrors. The beams ͑object and reference͒ reflected from these mirrors recombine after they emerge from the beamsplitter. This results in a circular interference fringe pattern that can be recorded by a CCD sensor. 28, 29 The observed two-dimensional intensity distributions of the two superimposed beams in the electrical fields can be written as cal path difference before the object mirror ͑membrane of the rf switch͒ moves, and ⌬ is displacement of the membrane, which is equal to half the change in the geometrical path difference between the object beam and the reference beam. Constructive interference, i.e., a bright fringe pattern, will be observed on the following condition:
where m ͑ϭ0, 1, 2, . . . ͒ is the order of the bright fringes. Since ⌬ represents the change in the geometrical path difference, which corresponds to the membrane displacement along the optical axis, each increment in the order of the bright fringe would indicate displacement of the membrane deformation of /2. In addition, the difference in geometrical path length of the two beams is directly expressed in multiples of /2. In order to perform displacement measurement on the tiny membrane of the micro-rf switch, a focused object beam such as a laser probe can be directed onto the surface of the membrane to facilitate interferometric measurement of the maximum deflection of the object along the optical axis. It is worth noting that the spacing between fringes in a circular fringe pattern becomes bigger as the OPD decreases. 30 Based on Eq. ͑3͒, one can adjust the interferometer to decrease the initial OPD until few fringes remain in the field, as shown in Fig. 2 . The relatively sparse fringe pattern enhances the fringe-counting resolution. In addition, the resulting circular fringe pattern has a high energy efficiency and allows easier beam manipulation, enabling a photodiode to record any change in the fringe pattern that is introduced by deformation of the membrane. The central fringe pattern alternates between bright and dark intensity as the voltage applied to the rf switch is increased. A photodiode can be located at any point in the field of the cir- cular fringe pattern. From Eq. ͑1͒, it is seen that the photoelectric output of the photodiode is a sine wave and can be used to determine the change in the fringe pattern. The fringe order N, which corresponds to a membrane displacement of N•/2 is obtained directly from the sinusoidal signal. The maximum change in light intensity recorded by the photodiode indicates a membrane displacement of /8. Fractional fringe-order changes resulting from a membrane displacement of less than /8 can be determined by calculating the phase in terms of the intensity change. Hence, the resolution of the membrane displacement is of the order of /8 or better.
Experimental Work
The experimental arrangement is shown in Fig. 3 . An expanded and collimated light beam ͑diameter Dϭ6 mm͒ from a 10-mW He-Ne laser ͑wavelength ϭ0.6328 m͒ is directed onto a beamsplitter ͑B1, 25 mm ϫ 25 mm, reflection ratio 50%͒ through a steering mirror. Two beams ͑ref-erence and object beams͒ emerging from B1 are focused through two achromatic lenses of 40-mm focal length onto a reference mirror and the membrane of a rf switch. To easily adjust the specimen during test, a second beamsplitter ͑B2, 10 mm ϫ 10 mm, reflection ratio 50%͒ is placed in between lens 1 ͑L1͒ and the switch, and a long-workingdistance microscope ͑working distance 89 mm, magnification 6ϫ͒ is incorporated to capture the image of the switch. A third beamsplitter ͑B3͒ is placed in between the reference mirror and lens 2 ͑L2͒ to ensure that light beams reflected from both the reference mirror and the membrane are correctly aligned and symmetrical about B1. In addition, both B2 and B3 ensure equal light intensity reaching the CCD sensor and photodiode and thus enhance the fringe contrast, i.e., improve the signal-to-noise ratio of the system. The resulting interference fringe pattern can be directed onto a CCD sensor and a photodiode ͑aperture 300 m͒ through beamsplitter 4 ͑B4͒. Note that without changing L1 and L2, specimens of different sizes can be located at the focal plane. To ensure proper interference of the reference and object beams, a correct aperture of the setup should be used. In addition, the measuring range is dependent on the depth of focus, which is 50 m in the present setup. Furthermore, there are no size limitations on the specimen as long as it is bigger than the laser-beam diameter.
To position the specimen accurately, the rf switch is mounted on a three-axis translation stage in which the vertical axis is driven by a piezoelectric transducer ͑PZT͒ driver with a resolution up to 0.02 m. The dc bias voltage on the rf switch is applied by means of two conducting probe heads connected to a dc power supply. This arrangement requires both the rf switch and the probe heads to be mounted on the same translation stage. The laser beam is directed onto the area of interest on the membrane of the rf switch through careful adjustments of the translation stage. To facilitate proper observation of the specimen image and regulate the illuminating light intensity, an adjustable attenuator is placed in front of the steering mirror. Figure 4 shows an image of the location of a focused laser spot on the membrane and two probe tips on the electrode pads for applying the dc bias voltage. The theoretical diameter of the laser beam on the membrane can be estimated by ϭ2.44( f /D), where f is the focal length of lens 1 and D is the diameter of the collimated laser beam. In our setup, where f ϭ40 mm and dϭ6 mm, the diameter of the focused laser spot is thus estimated to be 10 m. Since the laser spot on the membrane is a pointlike probe and the resulting fringe pattern is caused by the interference of the reference and object beams, the initial fringe pattern shown in Fig. 2 is a result of the defocused laser beam on either the reference mirror ͑which has a flatness of /20͒ or the membrane, i.e., the fringe pattern arises from the initial OPD of the setup and not the curvature of the membrane or mirror. Only the difference in fringe order is used to obtain the displacement of the membrane, and hence conventional phase-shifting interferometry ͑PSI͒-e.g., the three-step phase-shifting interferogram-is inapplicable to the proposed setup.
Results and Discussion
In order to verify the feasibility of the proposed method and calibrate the proposed setup, the rf switch without bias voltage (Vϭ0 V͒ is mounted on a three-axis translation stage whose vertical axis is driven by a PZT driver; the vertical movement of the specimen introduced by the stage is simultaneously determined from the interferometry and the PZT. Figure 5 shows a comparison of results between the proposed method and a PZT driver. As can be seen, a perfect correlation coefficient R ͑quite close to 1͒ indicates that there is a good agreement between two methods, and the relation of D versus ⌬V on the PZT is linear over a short moving range. Therefore the proposed method can perform accurate displacement measurement on the order of 0.01 m. It is noted that by the use of a PZT with closed-loop capacitive feedback the calibration can be used for a larger range and the measuring range could be increased for a rf switch with a higher C on /C off .
To determine the change in fringe order and thus the displacement of the membrane when a dc bias voltage is applied on the specimen, a photodiode at a predetermined location is used to capture the light intensity. Figure 6 shows an output from the photodiode. The output is of sinusoidal form and closely resembles that given by Eq. ͑1͒. Since the photodiode detects the relative change of the fringe pattern and the displacement of the membrane is just induced by the bias voltage, the initial OPD does not give any light intensity change at the photodiode. The deformation of the membrane can thus be determined from the change of the fringe order shown in Fig. 6 . Figure 7 shows a typical relation between the membrane deformation and the dc bias voltage, which is obtained from nine repeated measurements, yielding excellent repeatability of the proposed method. As the dc bias voltage increases from 0.3 to 2.8 V, the deformation of the membrane increases steadily to 0.95 m. When the dc bias voltage is increased beyond 2.8 V, the membrane deformation does not respond to the increase in voltage. This indicates that the membrane has reached its maximum deformation and the membrane plate is prevented from further deformation by the lower electrode on the substrate. It is also seen in Fig. 7 that the threshold of the dc bias voltage applied to the rf switch is approximately 0.3 V. This low threshold enables the micro-rf switch to be directly integrated in a VLSI circuit with a conventional compatible dc power supply. Figure 8 shows three series of the relations between dc bias voltage and membrane displacement for three specimens in different dimensions. The displacement graphs show similar characteristics, and slightly higher voltage thresholds on the rf switch are observed. It should be noted that the lengths of the suspended membrane in specimens 1, 2, and 3 are 250, 200, and 180 m, respectively, and the nominal size of the lower electrode on each specimen is the same. Hence the corresponding rigidity of each membrane in the series is correspondingly higher and induces a slightly higher threshold voltage on the rf switch. The maximum deformation of each membrane indicates that the air gap between the membrane and the lower electrode in the rf switch is around 1 m, which is close to the designed value.
Since the proposed setup is mounted on an isolation table and the interferometric probe is shielded in a casing, variations in the test environment do not significantly influ- ence the test results, especially when the deformation measurement is based on the relative change in fringe number. Good stability is also demonstrated by the comparison test as shown in Fig. 5 . Therefore, we suppose that the variation of up to 0.4 m on the air gap of specimen 1 may have been introduced by nonuniformity in the micromachining process.
It is noted that, according to the simulation of an electrostatic force induced by the bias voltage on a rf switch, 31 the electrostatic force is related nonlinearly to the bias voltage, and hence the nonlinear relation between the displacement or change of the air gap and the bias voltage on the switch is expected.
Concluding Remarks
We have investigated the membrane deformation of a micro-rf switch using a specially designed laser interferometer. For inspecting the membrane deformation in the submicron range, a collimated laser beam is focused onto the membrane of the switch using achromatic lenses. Using the proposed setup, which employs a long-working-distance microscope to monitor the test surface, the laser-beam probe can be located precisely on the interest area of the rf switch. The experimental results demonstrate that the designed micro-rf capacitive switch can operate at a low dc bias voltage, and this enables the rf switch to be incorporated directly in a CMOS circuit. Analysis of the data is much simpler with the proposed technique than with other techniques, and the proposed method allows the displacement-versus-voltage to be recorded dynamically. 
